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without implantation until conditions become favorable.

of diapause.

\_

(Bacl(ground: Embryonic diapause is a reproductive strategy that confers blastocyst dormancy and uterine quiescence
Results: Mice devoid of uterine muscle segment homeobox genes (Msx) show heightened inflammatory signature with failure

Conclusion: Msx coordinates various pathways limiting inflammation in the uterus for diapause.
Significance: This study identifies a previously unrecognized role of Msx in this unique phenomenon.

J

Embryonic diapause is a reproductive strategy widespread in
the animal kingdom. This phenomenon is defined by a tempo-
rary arrest in blastocyst growth and metabolic activity within a
quiescent uterus without implantation until the environmental
and maternal milieu become favorable for pregnancy to pro-
gress. We found that uterine Msx expression persists during dia-
pause across species; their inactivation in the mouse uterus
results in termination of diapause with the development of
implantation-like responses (“pseudoimplantation”) that ulti-
mately succumbed to resorption. To understand the cause of
this failure, we compared proteome profiles between floxed and
Msx-deleted uteri. In deleted uteri, several functional networks,
including transcription/translation, ubiquitin-proteasome, in-
flammation, and endoplasmic reticulum stress, were dysregu-
lated. Computational modeling predicted intersection of these
pathways on an enhanced inflammatory signature. Further
studies showed that this signature was reflected in increased
phosphorylated IkB levels and nuclear NFkB in deleted uteri.
This was associated with enhanced proteasome activity and
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endoplasmic reticulum stress. Interestingly, treatment with
anti-inflammatory glucocorticoid (dexamethasone) reduced
the inflammatory signature with improvement of the diapause
phenotype. These findings highlight an unexpected role of uter-
ine Msx in limiting aberrant inflammatory responses to main-
tain embryonic diapause.

Implantation is a complex process orchestrated by reciprocal
interactions between the embryo and uterus. The orderly exe-
cution of this process is critical for pregnancy success. Implan-
tation is one of the earliest encounters between the mother and
conceptus, and it culminates from embryo development to the
blastocyst stage synchronized with the acquisition of uterine
receptivity for implantation. Any aberration in the implanta-
tion process can lead to pregnancy failure soon thereafter or
can be propagated as adverse ripple effects through the remain-
der of pregnancy, resulting in compromised pregnancy out-
come (1). Thus, the quality of implantation can dictate the
course and outcome of pregnancy.

Implantation occurs within a defined time frame (window of
implantation) in most eutherian mammals for appropriate syn-
chrony of uterine readiness and embryo maturation to the blas-
tocyst state. In all eutherian species studied to date, the uterus
achieves this transient window of receptivity; in mice, this state
lasts ~24 h and spontaneously transitions to a state refractory
to implantation (2, 3). However, in many mammals, implanta-
tion can temporally disengage from parturition via embryonic
diapause (delayed implantation), an evolutionarily conserved,
natural pause in pregnancy prior to implantation. This phe-
nomenon is defined by the temporary arrest of growth and met-
abolic activity of the embryo at the blastocyst stage in syn-
chrony with uterine quiescence. This suspended state of
pregnancy prevents blastocyst activation and implantation
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until environmental and maternal conditions are favorable for
the survival and well-being of the mother and offspring.

Embryonic diapause has been identified in more than 100
species across seven orders and can last for days to months
depending on the species (4, 5). Under favorable conditions, the
uterus attains receptivity and the blastocyst is activated for
implantation. Normally, delayed implantation can be induced
during lactation after postpartum mating (facultative delay) or
can occur in every gestation of a species (obligatory) influenced
by photoperiod length and melatonin secretion.

Normally, delayed implantation in mice occurs naturally
during lactation because of ovarian estrogen deficiency result-
ing from suckling stimulus; this stimulus increases prolactin
release from the pituitary, decreasing ovarian estrogen secre-
tion. Upon removal of sucking pups or estrogen administration,
blastocyst activation occurs with initiation of implantation,
resulting in successful pregnancy. Delayed implantation can
also be induced by ovariectomizing pregnant mice on the
morning of day 4 before preimplantation ovarian estrogen
secretion. This condition can be maintained for days to weeks
by providing daily progesterone (P,)® in the absence of estro-
gen. With exposure to a small dose of estrogen in P,-primed
uteri of ovariectomized mice, blastocysts undergo activation
with the initiation of implantation. With continued steroid
treatment successful pregnancy occurs with delivery of pups.
Irrespective of the type of delay, embryonic diapause is under
maternal endocrine regulation in all species studied to date (4).
However, the molecular mechanism by which these processes
are regulated is not clearly understood (4 - 8).

We recently found that muscle segment homeobox genes
(Msx1 and Msx2), members of an ancient, evolutionarily con-
served homeobox gene family, show persistent expression in
mouse uteri during physiological or experimentally induced
delayed implantation, suggesting that uterine Msx genes are
critical for the initiation and maintenance of embryonic dia-
pause (7). Indeed, mice with conditional uterine deletion of Msx
genes (Msx1/Msx2%) fail to undergo true delay. This is evident
from poor blastocyst survival and often inappropriate manifes-
tation of implantation-like responses (“pseudoimplantation”)
at the site of the blastocyst, which are not sustained and ulti-
mately undergo resorption in Msx1/Msx2¥¢ mice (7). These
findings suggested that Msx factors play a major role in the
uterus to transiently confer uterine quiescence and blastocyst
dormancy. We also observed persistent uterine expression of
Msx1 or Msx2 in two other distantly related mammalian orders
during diapause: Carnivora (American mink) and Diprotodon-
tia (Australian tammar wallaby) (7). Taken together, these
results suggest the presence of an evolutionarily conserved
reproductive strategy across diverse mammalian species via
uterine Msx (7).

To explore the mechanism by which Msx transcription fac-
tors regulate quiescence and maintain a uterine environment
conducive to embryo survival, we performed proteomics anal-
yses of littermate floxed (Msx1/Msx2"") and Msx1/Msx2V¢
mice under delayed implanting conditions experimentally

3 The abbreviations used are: P,, progesterone; plkB, phosphorylated I«B;
IMS, ion mobility spectrometry.
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induced by ovariectomy and P, treatment (6 —8). These analy-
ses identified several classes of signaling pathways enriched in
transcription, translation, chromatin remodeling, inflamma-
tion, proteasome activity, ubiquitination, chaperone-mediated
protein folding, oxidative, and ER stress responses in Msx1/
Msx2% uteri. These findings were reflected in higher uterine
levels of proteasome subunits, polyubiquitinated proteins, and
ER stress consistent with proteotoxic stress/burden. Computa-
tional modeling predicted that these diverse pathways inter-
sected on an enhanced inflammatory signature in Msxl/
Msx24 uteri. These findings, coupled with our observations of
failure of embryonic diapause with formation of pseudoimplan-
tation sites in Msx1/Msx2V¢ uteri, increased the signature of
inflammation reflected in higher phosphorylated 1«B (pIkB,
nuclear factor of k light polypeptide gene enhancer in B-cells
inhibitor) levels and nuclear NF«kB (nuclear factor k-light-
chain-enhancer of activated B cells) expression, and evidence of
proteotoxic stress, are consistent with reported interactions
between heightened proteasome activity with inflammation (9,
10). Aggravation of proteotoxicity with bortezomib resulted in
an increased rate of pseudoimplantation in Msx1/Msx2V¢
uteri, whereas inhibition of inflammatory response by dexa-
methasone substantially reduced the incidence and size of
pseudoimplantation sites. In conclusion, this study identifies an
unexpected role for Msx genes in limiting uterine stress-medi-
ated inflammatory responses during embryonic diapause.

Experimental Procedures

Mice—Mice with uterine deletion of Msx1 and Msx2 (Msx1/
Misx2/oxP/1oxP pgrCre/t = Msx1/Msx2¥?) and control litter-
mates (Msx1/Msx2"*"/1F per™/* = Msx1/Msx2") were gen-
erated as previously described (11). All protocols for the present
study were reviewed and approved by the Cincinnati Children’s
Research Foundation Institutional Animal Care and Use Com-
mittee in accordance with National Institutes of Health guide-
lines. Adult Msx1/Msx2"" and Msx1/Msx2%¢ female mice were
mated with fertile males to induce pregnancy (day 1 = vaginal
plug).

Experimental Delay—T o induce delayed implantation, plug-
positive mice were ovariectomized on the morning of day 4
(0800 —0900 h) and subcutaneously given P, in sesame oil daily
(2 mg/100 pl/dose) on days 5-7 or 5-9 for tissue collection on
day 8 or 10, respectively (7). For mass spectrometry analysis,
uteri were flash-frozen and stored at —80 °C after gently flush-
ing the horns with cold PBS containing protease and phospha-
tase inhibitors (Sigma) to recover embryos and to confirm
pregnancy.

Pharmacological Treatments—The proteasome inhibitor
bortezomib (0.2 mg/kg of body weight/day) was suspended in
vehicle (5% v/v PEG400 and 5% v/v Tween 80 dissolved in
water) and was given as a single oral gavage on days 5, 7, and 9 of
pregnancy. A selective Cox2 inhibitor celecoxib (10 mg/kg of
body weight/day) was suspended in vehicle (0.5% w/v methyl-
cellulose and 0.1% v/v polysorbate 80 dissolved in water) and
was given as a single oral gavage on days 5, 7, and 9 of preg-
nancy. Dexamethasone (20 ug/100 ul/dose) was injected sub-
cutaneously on days 5-9 of pregnancy. Respective control
groups received vehicle alone.
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Mass Spectrometry Sample Preparation—Mass spectrometry
was performed in the Environmental Molecular Sciences Lab-
oratory, a U.S. Department of Energy Office of Biological and
Environmental Research. Frozen tissue samples were plunged
in LN, and immediately pulverized using a cryoPREP impactor
(Covaris, Inc). Proteins were extracted with 500 ul of 8 M urea
and 10 mm DTT in 100 mM ammonium bicarbonate at 37 °C for
1 h. Samples were centrifuged at 15,000 rpm to collect the
supernatant. Protein extract (125 ug) was digested with se-
quencing grade trypsin (Promega) overnight with 1:50 enzyme:
substrate ratio. The resulting peptides were desalted by C18
SPE (Supelco) and rehydrated in mobile phase A. Peptide con-
centration was measured by BCA assay (Thermo Scientific) and
normalized to 0.5 ug/ul for LC-MS analysis.

LC-MS/MS and LC-MS Analyses—Analysis of the digested
peptide mixtures from uterine tissues was performed on both a
Thermo Fisher Scientific LTQ Orbitrap Velos mass spectrom-
eter (San Jose, CA) operated in tandem MS (MS/MS) mode and
an instrument built in-house that couples a 1-m ion mobility
separation (12, 13) with an Agilent 6224 TOF MS that was
upgraded to have a 1.5-meter flight tube for resolution of
~25,000. Two different LC systems were used for this analysis.
The same fully automated two-column HPLC system built in-
house (14) equipped with packed capillary columns was used
for both instruments with mobile phase A consisting of 0.1%
(v/v) formic acid in water and B comprised of 0.1% (v/v) formic
acid in acetonitrile. A 100-min LC separation was performed on
the Velos MS (using 60-cm-long columns having an outer
diameter of 360 wm, an inner diameter of 75 um, and 3-um C, 4
packing material), whereas only a 60-min gradient with shorter
columns (30-cm-long columns with the same dimensions and
packing) was used with the ion mobility-MS (IMS-MS) because
the additional IMS separation helps address detector suppres-
sion. Both gradients were linear increasing mobile phase B from
0 to 60% until the final 2 min of the run when B was purged at
95%. Each sample (5 wl) was injected for both analyses, and the
HPLC was operated under a constant flow rate of 0.4 ul/min for
the 100-min gradient and 1 pl/min for the 60-min gradient.
The Velos MS data were collected from 400-2000 m/z at a
resolution of 60,000 (automatic gain control target: 1 X 10°)
followed by data-dependent ion trap MS/MS spectra (auto-
matic gain control target: 1 X 10*) of the 12 most abundant ions
using a collision energy setting of 35%. A dynamic exclusion
time of 60 s was used to discriminate against previously ana-
lyzed ions. IMS-TOF MS data were collected from 100-3200
mlz.

Proteomics Data Processing and Statistical Analysis—Identi-
fication and quantification of the detected peptide peaks were
performed using the accurate mass and time tag approach (15,
16). Peptide database generation utilized Velos tandem MS/MS
data (17, 18). Because of the greater sensitivity and dynamic
range of measurements (16), relative quantitation of peptide
peaks utilized our IMS LC-MS data. Multiple bioinformatics
tools developed in-house (19, 20) were used to process the IMS
LC-MS data and correlate the resulting LC-MS features to our
accurate mass and time tag database that contained IMS drift
time, accurate mass, and LC separation elution time informa-
tion for each peptide tag. Data processing of our 16 data sets
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(two uterine horns for each of four Msx1/Msx2”f and four
Msx1/Msx2¥? mice) included averaging peptide abundance
data from the two uterine horns for each mouse. Further pro-
cessing (21, 22) decreased our peptide value from 14,394 to
10,232 (i.e. peptides with inadequate data for statistics were
removed). Normalization was performed using a rank invariant
peptide subset that was in common between the two data sets
(23). This rank invariant peptide subset was used for median
centering of the data. Processing of the peptide data found
3,710 significant peptides at p < 0.05. These significant markers
were used to generate signatures where each peptide increased,
decreased, or had no statistical difference in the Msx1/Msx2%¢
versus Msx1/Msx2"" uteri. We then used the BP-Quant quan-
tification (24) approach to estimate abundance at the protein
level. There were a total of 1,019 significant proteins at p < 0.05.
Of these significant proteins, 448 were identified by =2 pep-
tides (supplemental Data Set S1, worksheets 1-4).

MetaCore Statistical Interactome—T o identify major hubs or
regulators of the significant proteins in Msx1/Msx2%¢ uteri on
day 8 of delayed implantation in comparison with control
delayed uteri, the Statistical Interactome tool (MetaCore) was
used to measure the interconnectedness of proteins in the
experimental data set relative to all known interactions among
all proteins measured in the study by hypergeometric distribu-
tion. Networks were constructed for experimental data and
predicted hubs based on direct interactions from the Metacore
knowledgebase and visualized in Cytoscape (25) (supplemental
Data Set S1, worksheets 8 and 9).

Immunohistochemistry—Immunostaining was performed in
formalin-fixed paraffin-embedded sections using antibodies
to pIkB (rabbit, Cell Signaling, 9246), Rpn13 (rat, laboratory-
generated), and Cox2 (rabbit, lab generated) as previously
described (26).

Immunofluorescence—Frozen sections of MsxI/Msx2¥¢
uteri and control uteri were taken from snap frozen tissues at
12-pum thickness. Immunofluorescence was performed using
NF«kB (rabbit, sc-372), GRP78/Bip (goat, sc-1050), CD45 (rat,
BioLegend, 103102), and F4/80 (mouse, Serotec, MCA497RT)
antibodies after cold methanol or paraformaldehyde fixation.
Cy3-conjugated donkey antibodies (Jackson ImmunoResearch
Laboratories) were used for secondary antibodies. Nuclear
staining was performed with Hoescht 33342. Immunofluores-
cence was visualized with confocal microscopy (Nikon Eclipse
TE2000).

Immunoblotting—Protein extraction and Western blotting
were performedaspreviouslydescribed (14). Antibodiesto phos-
phorylated IkB (mouse, Cell Signaling Technology, 9246), total
IkB (rabbit, Cell Signaling Technology, 9242), 20S proteasome
a-1, 2, 3, 5, 6, 7 subunits (mouse, Enzo, MCP231), a6 (rabbit,
laboratory-generated), Rpt6 (mouse, laboratory-generated),
Rpn8 (rabbit, laboratory-generated), HSPA5/Bip (goat, sc-
1050), phosphorylated elF2« (rabbit, Cell Signaling, 3597S),
total elF2« (rabbit, sc-11386), ubiquitin lysine 48 (rabbit, Mil-
lipore, 05-1307), and ubiquitin lysine 63 (rabbit, Millipore,
05-1308) were used as previously described (27). Actin (goat,
sc-1615) served as a loading control.

Statistical Analysis—Statistical analyses of proteomic data
were performed using two-tailed Student’s ¢ test for quantita-
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tive comparisons and a g-test for qualitative comparisons as
appropriate (22). Values of p < 0.05 were considered statisti-
cally significant.

Results

Msx1/Msx2¥* Uteri Fail to Undergo True Delay under
Experimental Conditions—In mice, delayed implantation
induced experimentally by ovariectomy on the morning of day
4 prior to preimplantation estrogen secretion can be main-
tained for days to weeks with continued P, administration (Fig.
1A) (7). Msx1/Msx2¥? females showed reduced blastocyst
recovery and often inappropriate manifestation of some
implantation-like responses (“pseudoimplantation”) at the site
of the blastocyst predominantly by day 10 of delayed implanta-
tion (6 days of dormancy) in the absence of estrogen; these
pseudoimplantation sites underwent resorption (Fig. 1, B and
C). Blastocyst recovery showed unhealthy embryos with some
cells adherent to the abembryonic pole. These pseudoimplan-
tation sites showed signs of increased vascular permeability by
blue dye assay (3, 29), albeit at different intensities, with swell-
ings of variable sizes. In contrast, no such swellings or blue
reaction was noted in littermate floxed females under similar
conditions.

Msx1/Msx2¥* Uteri Show a Unique Proteome Signature
under Delayed Conditions That Intersects on Inflammation—
To identify molecular targets of Msx transcription factors, we
compared proteomics profiles between Msx.1/Msx2"" and Msx1/
Msx2Y4 uteri on day 8 of delayed implantation (4 days of dor-
mancy). Our analysis identified 448 proteins by =2 peptides (p <
0.05) (Fig. 24 and supplemental Data Set S1, worksheets 1—4)
(24). We performed comparisons of enriched gene ontology
and pathway designations within the up-regulated and
down-regulated proteins using the programs ToppGene
Suite (30) and ToppCluster (31) (p < 0.05 with FDR correction)
and resolved the most significantly enriched gene ontology bio-
logical processes and pathways (supplemental Data Set S1,
worksheets 5 and 6). Computational modeling was performed
with networks containing select enriched terms to visualize rel-
evant functional relationships using Cytoscape in a spring
embedded layout function (25). We identified multiple interac-
tions between pathways, particularly for inflammatory re-
sponse, NFkB-mediated inflammation, kinases of NF«kB inhib-
itor IkB (IKKB and IKKe), ubiquitin-proteasome system, ER
stress, chaperone-mediated protein folding, oxidative stress,
and antioxidant activity (Fig. 2B and supplemental Data Set S1,
worksheet 7).

To identify a common hub among all dysregulated pathways
in the context of inflammation, we utilized the Statistical Inter-
actome tool (MetaCore, Thomson Reuters, Philadelphia, PA).
This tool allowed us to assess the interconnectedness of pro-
teins in the experimental data set relative to all known interac-
tions among all proteins measured in the study by hypergeo-
metric distribution to delineate major hubs or regulators of
significantly altered proteins in Msx1/Msx2%¢ uteri (Fig. 3 and
supplemental Data Set S1, worksheet 8). Networks were con-
structed for experimental data and predicted hubs based on
direct interactions from the Metacore knowledgebase. Interest-
ingly, significant hubs for the proteins altered in Msx1/Msx2%¢
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FIGURE 1. Mice with uterine deletion of Msx genes fail to undergo true
delay. A, schematic protocol for experimentally inducing delayed implanta-
tion.On the morning of day 4 of pregnancy, plug-positive females were ovari-
ectomized (OVX) and then administered P, daily (2 mg, subcutaneously) from
day 5 until the day prior to tissue collection. B, littermate Msx1/Msx2* and
Msx1/Msx2%° females were injected with a blue dye prior to tissue collection.
Onday 10, a subset of P,-treated, Msx1/Msx2%“ uteri showed small swellings
(pseudoimplantation sites) of various sizes, some of which showed leakage of
blue dye, at the sites of blastocysts. Blastocysts recovered from Msx1/Msx2%/¢
females showed signs of degeneration and poor morphological appearance,
several of which showed some cells adherent to the abembryonic trophecto-
derm. Arrowheads, inner cell mass (ICM). C, blastocysts recovery (left bar
graph) and incidence of pseudoimplantation (right bar graph) from ovariec-
tomized, P,-treated Msx1/Msx2”" and Msx1/Msx2?¢ females on day 10
(means = S.E.). Numbers in parentheses indicate number of females that pro-
duced blastocysts or pseudoimplantation sites, respectively, with respect to
the number of females examined.

uteri under delayed conditions included NF«B subunits RelA/
p65 and c-Rel, IKK-€ (IKKE), IKK-B (IKKB), SAM68, NF-X1,
TGM2, and Fetuin-A (supplemental Data Set S1, worksheet 9),
identifying enriched interconnectedness of the proteins within
the data set for the NF«B signaling pathway and inflammation.

Inflammatory Responses Are Up-regulated in Msx1/Msx2?
Uteri under Delayed Conditions—Considering our phenotype
of pseudoimplantation sites in MsxI/Msx2¥¢ uteri under
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FIGURE 2. Msx1/Msx2%' uteri show unique proteomics signature under delayed conditions. A, heat map depicting 448 significantly changing protein
levels in Msx1/Msx2%/¢ uteri under delayed conditions. Relative protein intensities were measured by ion mobility mass spectrometry from eight mice under
delayed implanting conditions (n = 4 each of genotype; p < 0.05). All proteins were identified by at least two peptides). B, a network representation of a subset
of significant proteins in Msx1/Msx2¥¢ uteri (red and green hexagons represent up- and down-regulated proteins, respectively). Key enriched biological
processes and pathways (p < 0.05 with FDR correction) are represented as blue squares, connected to associated proteins by lines. Connections between
proteins and inflammation, NF«B, proteasome, and endoplasmic reticulum stress are highlighted as orange, green, pink, and blue lines, respectively. All other

lines are represented in gray.

delayed conditions (7), we were intrigued by the changes in
regulatory pathways of inflammation identified by our pro-
teomics and computational analysis. We found up-regulation
of several proteins involved in inflammation and acute inflam-
matory responses in Msx1/Msx2¥¢ uteri, such as a2-macro-
globulin, LSP1 (lymphocyte-specific protein 1), KNG1 (kinino-
gen), complement components (Clgbp and C3), Park 7
(Parkinson protein 7), IL enhancer binding factor 2, and impor-
tin B-subunit 1 (KPNB1) (supplemental Data Set S1, work-
sheets 4 — 6). Notably, we previously identified up-regulation of
epithelial C3 expression in Msx1/Msx2%< uteri (11). In con-
trast, interferon regulatory factor 7y, monocyte inhibitory fac-
tor, and Ig chains were down-regulated (supplemental Data Set
S1, worksheets 4 — 6).

To evaluate the status of NFkB-mediated inflammation, we
examined the status of uterine levels of pIkB. Phosphorylation
of IkB by IKK allows for ubiquitination and degradation of IkB,
permitting NF«kB dissociation and translocation to the nucleus.
Indeed, Western blotting results showed enhanced IkB phos-
phorylation on day 8 in Msx1/Msx2¥* uteri (Fig. 4A). This was
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reflected in increased uterine immunolocalization of pIkB on
days 8 and 10 along with increased nuclear NF«B localization
on day 10, particularly in the epithelium and subepithelial
stroma of Msx1/Msx2%¢ uteri (Fig. 4, B and C). Notably, there
were insignificant changes in the distribution of leukocytes and
macrophages between floxed and Msx 1/Msx2%¢ uteri (Fig. 4D).
Our previous study showed Ptgs2 expression (encoding Cox2)
in the luminal epithelium and subepithelial stroma at the pseu-
doimplantation sites of Msx1/Msx2¥? mice with embryos
entrapped within the intact luminal epithelium (7). Here we
show by immunohistochemistry that Cox2 is also expressed in
the luminal epithelium of Msx1/Msx2¥ uteri away from the
site of blastocyst on day 10 of pregnancy (day 6 of dormancy);
no such expression was noted in floxed uteri under similar con-
ditions (Fig. 4E). In addition, pseudoimplantation sites showed
modest decidualization on day 10 in the absence of luminal
epithelial breaching, suggesting that the embryo transmitted
some signals through Msx-deleted luminal epithelium to the
subepithelial stroma (Fig. 4F). However, these responses were
unsustainable, leading to resorption (7). Taken together, these
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significant trends in both directions.

mice compared with Msx1/Msx2"f

results suggest that inflammatory responses seen in Msx1/
Msx2¥? uteri under delayed conditions are mediated by
increased NFkB signaling and are consistent with aberrant
Cox2 expression, as observed in other systems (32—36).

The Ubiquitin-Proteasome System Is Enriched in Msx1/
Msx2%? Uteri under Delayed Conditions—We next asked what
contributes to the enhanced inflammatory responses in Msx1/
Msx2%? uteri under delayed conditions. In addition to several
proteins implicated in translation and secretory machinery, we
found that numerous proteasome core and regulatory compo-
nents were up-regulated in Msx-deleted uteri (supplemental
Data Set S1, worksheets 4 — 6). The proteasome system encom-
passes a highly conserved and regulated network of proteins
that normally degrade damaged and/or misfolded proteins to
maintain protein homeostasis. They also participate in cell
cycle regulation, protein turnover, gene expression, immune
response, and responses to oxidative stresses (37—40). There is
evidence that proteasome activity is correlated with heightened
inflammation secondary to increased intracellular protein
turnover and antigen processing (9, 10, 41). Furthermore, accu-
mulation of misfolded proteins can lead to harmful effects col-
lectively known as proteotoxicity (42).
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mice; blue, decreased in Msx1/Msx.

2d/d

mice compared with Msx1/Msx2"" mice; purple,

The key enzyme responsible for mammalian proteolysis is
the 26S proteasome, which is comprised of the barrel-shaped
20S core particle consisting of unique outer a- and inner
B-subunits and two 19S regulatory particles. The 19S parti-
cle is further subdivided into a 9-subunit base that directly
interacts with the a-ring of the 20S core particle and a
10-subunit lid. These components confer substrate specific-
ity and other minor enzymatic activities for proteolysis. To
confirm the up-regulation of proteasome components in
Msx1/Msx2¥ uteri, we examined the a-subunits of the 20S
core identified in our proteomics analysis by Western blot-
ting and found their up-regulation along with increased lev-
els of the specific core a-subunit 6 («6), lid subunit Rpn8,
and base subunit Rpt6 in Msx1/Msx2%¢ uteri on day 10 (Fig.
5, A and B, and supplemental Data Set S1, worksheets 4 —6).

The ubiquitin-proteasome system targets proteins for degra-
dation by polyubiquitination (43). We next assessed whether
our proteomics analysis showed dysregulation of ubiquitina-
tion pathway components in Msx1/Msx2¥¢ uteri. We found
elevated protein levels of ubiquitin regulators (supplemental
Data Set S1, worksheets 4 — 6). Ubiquitin chains can be formed
by lysine linkages either via Lys-48 or Lys-63, and these linkages
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phosphorylated IkB (plkB) in Msx1/Msx2%/9 uteri under delayed conditions on day 8. Bar diagram, quantification of pl«B (n = 3 females/genotype, means = S.E.;
*,p = 0.03). B,immunohistochemistry for pl«B in Msx1/Msx2"" and Msx1/Msx2%? uteri under delayed conditions on days 8 and 10. C,immunofluorescence for
NF B in Msx1/Msx2" and Msx1/Msx2¥"4 uteri under delayed conditions on day 10. 8ar, 100 um. D, immunofluorescence for CD45 and F4/80 in Msx1/Msx2”fand
Msx1/Msx2%¢ uteri under delayed conditions on day 10. Bar, 100 um. E, |mmunoh|stochem|stry of Cox2 in the luminal epithelium in Msx1/Msx2”" and
Msx1/Msx2%? uteri on day 10. F, representative histological section of a pseudoimplantation site in Msx1/Msx2%? uterus delayed conditions on day 10. The
hematoxylin/eosin-stained section shows intact luminal epithelium and initiation of stromal decidualization. Arrowhead, embryo. Bar, 500 um. Lower power

scale bar, 500 um; higher power scale bar, 100 um. le, luminal epithelium; ge, glandular epithelium; s, stroma.

appear to be enhanced for either proteasome degradation or
signaling, respectively (38). Interestingly, enhanced polyubiq-
uitination via linker Lys-48 in Msx1/Msx2¥9 uteri under
delayed conditions was identified by Western blotting; Lys-63
linkages were undetectable (Fig. 5B). Furthermore, immuno-
histochemistry in Msx1/Msx2%¢ uteri on day 10 showed higher
levels of Rpn13/ADRMI, a proteasome regulatory subunit and
ubiquitin receptor (Fig. 5C) (44). This expression was pro-
nounced in the luminal and glandular epithelia, the site of Msx
expression during delayed implantation in floxed uteri. Overall,
these results suggest that Msx1/Msx2%¢ uteri have enhanced
proteasome expression and accumulation of ubiquitinated pro-
teins targeted for proteasome degradation compared with
Msx1/Msx2"" uteri under similar experimental conditions.
Chaperone and Co-chaperone Proteins Are Up-regulated in
the Msx1/Msx2%“ Uterus under Delayed Conditions—Molecu-
lar chaperones and co-chaperones are critical for distinguish-
ing normal versus misfolded proteins; they facilitate correct
folding or ubiquitin-mediated proteasomal degradation of
aberrant proteins (45, 46). Accumulation of misfolded proteins
can lead to proteotoxic stress and inflammation (47-49). Pro-
teotoxicity in the cytosol can initiate the unfolded protein
response, resulting in ER stress. This response results in
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decreased translation and increased heat shock protein
response to help protein refolding or degradation (42). In this
respect, heat shock proteins HSP10, HSP70, HSP105, HSPA5
(Bip), GRP75, chaperonin 60, T-complex protein 1 (TCP1, mul-
tiple subunits), and immunophilin FKBP4 (FKBP52) were all
up-regulated in Msx1/Msx2%“ uteri (supplemental Data Set S1,
worksheets 4 — 6). Interestingly, mice missing FKBP4 (FKBP52)
show pregnancy failure because of diminished P, sensitivity,
which is reversed by exogenous P, administration (50, 51). In
addition, Bip is a marker of ER stress involved in the unfolded
protein response and is also expressed in the mouse uterus (52,
53). We indeed found increased levels and expression of Bip at
the apical surface of the epithelium and in interspersed subep-
ithelial stromal cells in Msx1/Msx2¥< uteri (Figs. 5D and 6A),
suggesting heightened ER stress.

Under normal conditions, Bip binds to the luminal domains
of ER transmembrane proteins IRE1 (inositol requiring 1),
PRK-like ER kinase (54), and ATF6 (activating transcription
factor 6). During conditions of ER stress, Bip dissociates from
these sensors for activation of the unfolded protein response to
restore protein homeostasis (55). Our proteomics results had
identified increased levels of elF2a in Msx1/Msx2¥¢ uterus
under delayed conditions. Phosphorylation of eIF2« is a surro-

JOURNAL OF BIOLOGICAL CHEMISTRY 15343

STOZ ‘v 1snBny uo A1sieAlun alels uoBelo e /610°0q [:mmmy/:dny woly pepeojumog


http://www.jbc.org/

Msx Genes Limit Uterine Inflammation for Diapause

A Msx1/Msx2 Msx1/Msx2
f/f d/d f/f d/d
06 (20S) P - e - -

Rpn8 (Lid) ™ s - o v v - 4 ap @D @0 &

Rpt6 (Base) == ~ A e - Bes
B-Actin SRS s w8 MBS s - o - -
Day 8 Day 10
B C
Msx1/Msx2 N
f/f d/d pa)
01,2,3,5,6,7 w = w S
(208) . %
o AR =
(K-48)_ 00
Ub ~ -250
(K-63) “w D Msx1/Msx2
: fif d/d

p-Actin S HsPAS/Eip I
p-elF20 [
Day 10 % P
total elF2o. ---q
B-Actin e
Day 10

FIGURE 5. Ubiquitin-proteasome pathway components are up-regulated
in Msx1/Msx2%¢ uteri under delayed conditions. A, Western blotting
results depicting increased levels of a6 subunit (20S core), Rpn8 (lid), and

Rpt6 (base) components of the proteasome in Msx1/Msx2%9 uteri on days 8

and 10 under delayed conditions. B, Western blotting results showing
increased levels of a-subunits of the 20S core proteasome and polyubiquiti-
nation of proteins via lysine 48 linkages, but not lysine 63 linkages in Msx1/
Msx2%4 mice on day 10 under delayed conditions. C,immunohistochemistry
results showing enhanced staining for ubiquitin receptor and proteasome
regulatory component Rpn13 in Msx1/Msx2¥9 uterine epithelium under
delayed conditions. le, luminal epithelium; ge, glandular epithelium; s,
stroma. Bar, 200 um. D, Western blotting results showing increased levels of
HSPAS5 (Bip), p-elF2q, and elF2a in Msx1/Msx2%“ mice on day 10 under
delayed conditions.

gate marker of PERK activation (56). We indeed found in-
creased levels of phospho-elF2a and total elF2«, consistent
with higher Bip expression in Msx1/Msx2%“ uterus (Fig. 5D).
Bortezomib Treatment Exacerbates ER Stress with Increased
Incidence of Pseudoimplantation in Msx1/Msx2¥* Females—
We initially speculated that proteasome function contributed
to the inflammatory response seen in Msx/Msx2%“ uteri and
that inhibition of proteasome function may ameliorate inflam-
mation and improve delayed implantation in Msx1/Msx2%<
uteri. Therefore, we treated Msx1/Msx2¥? females with an
inhibitor of proteasome activity, bortezomib. To our surprise,
we found that this inhibitor rather aggravated the incidence of
pseudoimplantation sites in MsxIl/Msx2¥? females under
delayed conditions (100% with bortezomib treatment versus
44% without treatment) with further reduction in blastocyst
recovery (Figs. 1Cand 6B). Bortezomib had negligible effects on
Msx1/Msx2"" uteri under similar conditions (Fig. 6B), presum-
ably because of sustained Msx1 expression in the mouse uterus
under normal delayed conditions (7). These results implicate
that increased proteasome activity in the absence of Msx was to
counteract the burden of unfolded/misfolded proteins caused
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by enhanced translation and ER stress. This is consistent with
increased incidence of pseudoimplantation sites with bort-
ezomib (57). Indeed, we found increased population of Bip-
positive cells and higher Bip levels in bortezomib-treated Msx1/
Msx2% uteri consistent with aggravated ER and proteotoxic
stress (Fig. 7, A—C) (58). These results corroborate a report of
the potential mechanism of action of bortezomib in cancer by
increasing proteotoxic stress in susceptible, malignant cells
toward apoptosis (42). Increases in pIkB levels and enhanced
nuclear localization of NF«kB were also observed in Msx1/
Msx2¥< uterine samples after bortezomib treatment (Fig. 7, A,
B, and D). These findings indicate that the up-regulation of
proteasome subunits in these mice perhaps attempted to limit,
rather than direct, the protein burden, unfolded protein
response and inflammatory responses after Msx inactivation in
the uterus but failed to suppress the inflammation.

Given these findings, we reasoned that inhibition of inflam-
mation by an anti-inflammatory agent will attenuate the
adverse phenotypes of Msx1/Msx2%“ uteri under delayed con-
ditions. We first used a selective Cox inhibitor (celecoxib) in
Msx1/Msx2¥? females under delayed conditions to improve
embryonic diapause phenotype. We found modest improve-
ment with a reduction in the incidence of pseudoimplantation
site (Fig. 84). We next used a prototypical anti-inflammatory
steroid dexamethasone that has been shown to inhibit NF«kB-
mediated inflammation (34). Dexamethasone acts via glucocor-
ticoid receptor in the rodent uterus to limit epithelial cell pro-
liferation and estrogen-induced implantation (59, 60). Indeed,
treatment with dexamethasone substantially reduced the inci-
dence and size of pseudoimplantation sites in Msx1/Msx2%¢
uteri with attenuated expression of nuclear NFkB, as well as
levels of pIkB and proteasome subunits of 20S (Fig. 8, A-D).
Dexamethasone also inhibited levels of eIF2¢, p-elF2q, and Bip

(Fig. 8C).

Discussion

Msx genes are critical for uterine receptivity and implanta-
tion (11), and they have indispensable roles in the onset and
maintenance of delayed implantation by conferring blastocyst
dormancy and uterine quiescence (7). Wild-type uteri under
delayed conditions show persistent Msxl expression and
remain quiescent without any sign of implantation or endome-
trial vascular permeability at the site of blastocyst apposition (7,
11, 61). In contrast, mice with conditional uterine inactivation
of MsxI and Msx2 fail to undergo true delay and manifest
unique phenotypes— continued cell proliferation in the blasto-
cyst and formation of pseudoimplantation sites in the uterus at
the site of the blastocyst without trophectoderm invasion
through the luminal epithelium. Although implantation can be
initiated in delayed implanting floxed mice if estrogen is given
after P, priming, our observation of pseudoimplantation in
Msx1/Msx2¥? uteri in the absence of estrogen suggests that a
different mechanism is operative to terminate delayed implan-
tation. Thus, although termination of diapause in the absence
of Msx is not physiological and leads to resorption with preg-
nancy failure, termination of diapause in P,-treated floxed mice
after estrogen exposure is physiological and results in a live
birth.
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Using proteomics and computational modeling, we identi-
fied dysregulation of several pathways in Msx1/Msx2¢ uteri
with a signature of heightened inflammatory responses pro-
moting a uterine environment unfavorable for embryonic dia-
pause (7). Indeed, an inflammatory signature with increased
phosphorylation of IkB, NFkB nuclear localization, and Cox2
induction was evident in Msx1/Msx2%¢ uteri under delayed
conditions. This is consistent with our findings of heightened
proteasome activity facilitating enhanced destruction of tar-
geted proteins, such as pIkB, by the proteasome. These findings
suggest that Msx transcription factors play an important role in
tempering inflammatory responses in the uterus.

The signature of enhanced inflammation and dysregulated
proteasome activity seen in Msx1/Msx2¥¢ uteri are similar to
that of pathological processes such as multiple myeloma, neu-
rodegenerative diseases, non-Hodgkin’s lymphoma, and auto-
immune diseases (62— 65). In addition, there is evidence that
enhanced translation and accumulation of misfolded proteins
incurs proteotoxic and ER stresses (10). These conditions
engage chaperones and co-chaperones to direct refolding of
misfolded proteins or targeting damaged proteins to the ubiq-
uitin-proteasome machinery (45, 46, 52). Failure to relieve ER
stress results in harmful cellular responses and apoptosis (42).
Therefore, the ubiquitin-proteasome system maintains protein
homeostasis for normal functioning, and its dysregulation in
Msx1/Msx2¥? uteri suggests a role for Msx in protein homeo-
stasis during embryonic diapause. It is interesting to note that
ubiquitin pathway modifiers have been identified in diapausing
cysts of the crustacean Artemia sinica (66) and Caenorhabditis
elegans in dauer diapause (67), suggesting a role in protein turn-
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over and homeostasis in various forms of diapause. Intrigu-
ingly, Artemia cysts has also been shown to up-regulate a dia-
pause-specific protein chaperone (68).

We speculate that the up-regulation of proteasome subunits
and activity served to limit proteotoxic burden from higher lev-
els of misfolded proteins and attenuate unwarranted inflamma-
tion. This is consistent with our results of increased incidence
of pseudoimplantation sites and evidence of ER stress (higher
Bip levels) in the Msx1/Msx2¥ uteri after treatment with pro-
teasome inhibitor bortezomib consistent with its reported
mechanism of action (64). Our findings of enhanced NF«B
nuclear localization and heightened ER stress in Msx-deleted
uteri corroborate reports of enhanced NF«B-mediated inflam-
mation and ER stress (69). In contrast, reduced incidence and
size of pseudoimplantation sites in uteri under similar condi-
tions after dexamethasone treatment suggests that unchecked
inflammation in the absence of Msx is a major cause of failure of
delayed implantation.

Msx deficiency is considered to enhance tumorigenesis in
human breast cancer (70). Because inflammation is a hallmark
of cancer progression, it is possible that dysregulation of Msx
promotes the cancer phenotype via enhanced inflammatory
signature in affected tissue types. In this regard, we believe that
our study is the first to show the relationship between Msx
activity and inflammation.

Proteins that incur antioxidant properties were also up-
regulated in MsxI/Msx2V® uteri under delayed conditions
(supplemental Data Set S1, worksheets 4 —6). Their up-regula-
tion is perhaps an attempt to limit inflammation and promo-
tion of anti-inflammatory mechanisms. However, we cannot
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FIGURE 9. A proposed scheme for the regulation of uterine inflammation
for embryonic diapause by Msx genes. Deletion of uterine Msx genes
resulted in aberrant inflammation arising from increased transcription/trans-
lation, proteotoxic stress from protein burden, and ER stress. Inflammatory
responses were reflected in higher NF«B signaling with premature termina-
tion of embryonic diapause and formation of pseudoimplantation sites
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up-regulated perhaps in an attempt to quell aberrant inflammation, these
changes could not mitigate uterine inflammatory responses (smaller font and
dashed lines). However, treatment with a long acting glucocorticoid dexam-
ethasone (Dex) improved the embryonic diapause phenotype.

exclude the possibility that the up-regulation of unique anti-
oxidants may have roles distinct from mitigating inflamma-
tion. Pro-resolving molecules are part of an active program to
limit and resolve inflammation using the body’s natural path-
ways (71). Interestingly, annexin A1, a pro-resolving molecule,
was up-regulated in the uterus in the absence of Msx (supple-
mental Data Set S1, worksheets 4 — 6). This would suggest that
the inflammatory responses dominated in Msx-deleted uteri
and could not be quelled by antioxidants or pro-resolving
molecules.

Furthermore, this study has identified other signaling hubs in
the uterus that were altered in Msx1/Msx2%¢ females incapable
of undergoing delay. Msx transcription factors were previously
shown to have roles in chromatin remodeling and transcrip-
tional regulation and are considered to be global repressors
with direct interaction with the Polycomb repressor complex
(72, 73). This would suggest that deletion of Msx will lead to
dysregulated transcriptional landscape in a biological system.
Indeed, our proteomic results identified marked dysregulation
in histones, chromatin remodeling, transcriptional regulatory
components, and hnRNPs (supplemental Data Set S1, work-
sheets 4 — 6). Because our computational modeling and subse-
quent experimental analyses projected these changes toward
enhanced inflammation, it is possible that alterations in these
pathways also contributed to heightened inflammatory re-
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sponse. Whether the inflammatory signature imposed by inac-
tivation by Msx are specific to the uterus or whether other tis-
sues with inactivation of Msx also show a similar signature
would require further investigation.

Collectively, this study points toward the magnitude and
breadth of Msx function in the uterus and detrimental implica-
tions for pregnancy outcome in their absence. This mouse
model has allowed us to investigate the scope and critical
requirement of this homeotic protein family in uterine biology.
The presence of this highly conserved transcription factor fam-
ily in the uterus of other diapausing species such as the North
American mink and Australian tammar wallaby during dia-
pause underscores its substantial role in regulating uterine
function across species (7).

This study also provides an opportunity to investigate the
role of Msx and the candidate protein targets in embryonic
diapause in mice and other species. Because the human endo-
metrium also changes in the expression MSX genes during the
menstrual cycle (28), these factors potentially have clinical
implications in female fertility. This speculation is consistent
with the observations of inflammation and reduced fertility in
endometriosis and other pathological states of the endome-
trium. Thus, it would be intriguing to address the role of Msx in
these diseases.

We believe that our model of aberrant inflammation in the
uterus devoid of Msx genes would suggest that inflammation is
tightly regulated during natural pregnancy and embryonic dia-
pause (Fig. 9). Under normal conditions, exit from diapause
induces blastocyst activation synchronized with uterine recep-
tivity after implantation-inducing stimuli. This is in contrast to
mice with uterine deletion of Msx genes that show poor embryo
recovery and survival and formation of pseudoimplantation
sites, which fail to produce a live birth. Taken together, these
results propose a new concept that Msx genes have a major role
in coordinating various pathways to limit inflammation in the
mammalian uterus for embryonic diapause.
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